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Abstract
Debris flow velocity is an important factor which influences the impact forces and
runup. Due to the complexity of the phenomenon, it is difficult to define predictive
methodologies. The present work reports some results of an experimental run conducted
in order to investigate the velocity and sediment concentration distributions. A modified
Bagnold’s approach to calculate the vertical distribution of flow velocity is presented.

1 Introduction
Debris flow occurs especially in steep river reaches and are characterized by extreme propagation
rapidity and by the ability to move high quantity of fluid mass. For this reason the propagation of
debris flow might determine loss of human life and structural damages.
The estimation of the propagation velocity is important to define predictive procedures.
Some numerical codes (see as an example [1], [2]) to simulate the propagation phenomenon have
been developed but they need input parameters which are difficult to estimate. Thus, an accurate
calibration procedure should be performed by using field and/or laboratory experimental data.
For this reason, experimental research program has been developed at the Hydraulic Laboratory of
Department DICAM (University of Palermo – Italy) in a sloping channel.
The present work reports some results of an experimental run conducted in order to investigate the
flow velocity and sediment concentration distributions. This information is used to analyze the
simplifying hypotheses of the Bagnold’s approach. In fact, among the existing theories allowing to
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relate the flow velocity, u, to particle concentration, C, the Bagnold’s (1954) one is the most cited.
The Bagnold’s [3] equation can be written in the following form:
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with λ=C1/3/(c*1/3-C1/3), u is the local mean velocity of flow toward x direction, dp is the particle
diameter, g is the acceleration due to gravity, θ is the channel bed or flow surface slope, C is the
particle concentration in volume, h is the local mean depth of flow, z is the height measured
perpendicular to the bottom, ρ is the fluid density, σ is the particle density, ai end αi are the shape
coefficients end c* is the maximum concentration.
Eq.1 is based on the assumption that the concentration particle C is constant along the vertical and the
value of c* is uniquely defined. But, literature [4] shows that the concentration varies along the
vertical and assumes different values in time.
Thus, in the present work, the data collected during the experimental campaign are used to explore the
applicability of the Bagnold’s equation [3] by removing the hypothesis of constant sediment
concentration.

2 Material and methods
The experimental apparatus is constructed at the Hydraulic Laboratory of the Department DICAM
- University of Palermo, Italy. The experimental runs were conducted in channel reach 2 m long and
0.17 m wide. The bed, with slope is S=15°, was of gravel sediments (sediment median diameter D50=3
mm) of thickness 10 cm (Figure 1). The side walls of the channel are of Plexiglas. The hyperconcentrated flow was generated by releasing the fixed water discharge (3.5 l/s) over the mobile
gravel bed, preliminary saturated (Qsat=0.8 l/s).
The surface concentration value was measured by using a sample of the mixture taken during the
hyper-concentrated flow propagation. It was obtained a value of surface concentration equal to C =
0.305. During the experimental run, the flow velocity and the sediment concentration profiles were
obtained by applying the image analysis technique. The images were acquired through a highresolution camera (300 fps was used in the experimental run presented in this work) on the right sidewall of the channel.

Figure 1: Experimental apparatus.
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3 Results and discussion
The acquired images were processed by using a numerical code developed in Matlab environment
which allowed us to estimate the vertical profiles both of flow velocity and of sediment concentration
at different time instants.
Both from the direct analysis of all the examined frames and as result of the aforementioned
procedure, it was verified that the particle concentration varies along the vertical.
In order to estimate the sediment concentrations, the investigated layer was divided into sublayers
of thickness ts; for each sublayer the average value of sediment concentration was estimated. In
particular, the analysis has been conducted for three values of ts: ts=D50 (3 mm), ts=2D50 (6 mm),
ts=3D50 (9 mm). Figure 2 shows the experimental concentration distribution estimated for each
considered values of thickness ts and Table 1 reports the corresponding value of the root mean square
error estimated as follows:
𝜎=√

2

∑𝑖=1,𝑁(𝐶𝑖,𝑚 −𝐶𝑖,𝑒 )

(2)

𝑁𝑡𝑠

Ci,m and Ci,e are respectively the measured and the estimated values of concentration and Nts is the
number of layer of thickness ts. From Figure 2 it can be observed that for all the considered values of
ts the concentration linearly varies from the value C* (that is the maximum packing concentration) at
the bed, to the value of concentration Cs at the surface. Furthermore, Table 1 indicates that the values
of the root mean square error are always low. This suggests that the linear pattern of concentration
does not depend on the layer thickness.
Thus, the analysis of the collected data has allowed us to verify that the experimental vertical
distribution of sediment concentration is well approximated by a linear variation between the value of
maximum concentration C* at the bed and the measured value at the free surface.
Sublayer Thickness ts

sqm

1D50

0.0274

2D50

0.0222

3D50

0.0216

Table 1: Values of the mean square error 

On the basis of the obtained result, the velocity profile of the hyper-concentrated flow has been
estimated by using the Bagnold’s equation (1) but assuming a linear variation of the concentration C
between the value of C* at the bed and the value of concentration measured at the free surface. It
should be noted that the value of C* can be easily determined as soil parameter by geotechnical
considerations; the surface concentration should be locally measured.
Armanini et al. [2] presented a relationship which links the value of the surface concentration to
the material inclination slope through the internal friction angle.
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Figure 2: Vertical distribution of sediment concentration: a) ts=D50; b) ts=2D50; c) ts=3D50.
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Thus, for the presented analysis, the internal friction angle of gravel material used for the
experiment has been determined by a direct simple shear apparatus with a large shear box (30 cm x 30
cm x 20 cm). It has been verified that the value of the internal friction angle obtained as result of the
shear tests is almost equal to that obtained by applying the expression presented by Armanini et al. [2]
by using the measured value of surface concentration. This procedure allowed us to verify that the
expression presented by Armanini et al. [2] could be used to estimate the surface concentration once
the internal friction angle of the bed material is known.
In Figure 3 the experimental profile of flow velocity is compared with the u-values estimated
through equation (1) both by assuming the concentration C constant along the vertical and by
considering the linear variation law of the concentration C.
From Figure 3 it can be seen the remarkable difference between the u-values calculated by
assuming C constant and those calculated by assuming C linearly variable. In particular, only the
latter well approximates the experimental u-values distribution.

Figure 3: Comparison between the experimental profile and the profiles obtained by Eq. 1
with C=constant and with C=linearly variable.
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4 Conclusion
The present work deals with the analysis of the dynamic behavior of a hyper-concentrated flow
focusing attention on the velocity distribution.
The data collected during an experimental campaign have been used to investigate the velocity
and sediment concentration profiles during the propagation phenomenon. As result, it has been
verified that the sediment concentration distribution follows a linear variation law assuming the value
of maximum concentration at the bed. This result confirms that the concentration is not constant along
the vertical, but it can be considered linearly variable between the two values of sediment
concentration: the value of maximum packing concentration (at the bed) and the value of
concentration detected on the free surface.
Based on this result, the Bagnold’s equation has been used by removing the hypothesis of constant
sediment concentration and the velocity profiles have been calculated by assuming the linear variation
law of sediment concentration. The comparison between the estimated values with the measured ones
has assessed the goodness of the procedure.
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